Dalton Trans. 2015, 00, 1-3 | 1 Complex 2 catalyzes reductions of organic carbonyl compounds with silanes to give hydrosilylation products or deoxygenation products. The pathway to these reactions is primarily influenced by the degree of substitution of the organosilane. Reactions with primary silanes give deoxygenation of esters to ethers, amides to amines, and ketones and aldehydes to hydrocarbons, whereas tertiary silanes react to give 1,2-hydrosilylation of the carbonyl functionality. In contrast, the strong Lewis acid B(C6F5)3 catalyzes the complete deoxygenation of carbonyl compounds to hydrocarbons with PhSiH3 as the reducing agent.
Introduction
Partial reductions are an important part of an overall strategy for conversions of oxygenated materials and are germane to conversions of biorenewables. Such transformations can be considered the counterpart to selective partial oxidation of hydrocarbons typically sought for petrochemical conversions. Selectivity for partial oxidation or partial reduction products is a key longstanding challenge in catalysis. Organometallic complexes and homogeneous catalytic systems can provide insight into active sites that may guide downstream applications and strategies for the development of mild conversions. In this regard, complete deoxygenation vs. partial deoxygenation of sugars and protected sugars into hydrocarbons may be affected by secondary vs. tertiary silanes, respectively, in the presences of strong Lewis acid catalysts. 1 Similar control in metal-catalyzed hydrosilylation and hydrodeoxygenation catalysis has focused on catalyst site design 2,3,4,5 or tailored oxygenated substrates. 6 The ester group, as a common functionality in biorenewable feedstocks, fuels, chemicals, and materials, typically reacts under reducing conditions to give alcohols or protected alcohols through C-O bond cleavage, whereas hydrodeoxygenation to alkanes through complete C-O hydrogenolysis is obtained under more forcing conditions. Alternatively, the conversion of esters to ethers through selective partial reduction could be valuable in synthetic schemes and in biorenewable conversions.
The conversion of cyclic esters to ethers may be accomplished through stoichiometric or multistep methods, while acyclic esters have been more challenging. 7, 8, 9 The seminal report of mid-transition-metal-catalyzed partial ester reduction involves hydrosilylation and gives a mixture of ethers and alkoxysilanes. 10 Group 8-based multimetallic carbonyl compounds were more recently reported to catalyze ether formation using trialkylsilanes (Ru) or tetramethyldisiloxane (Fe). 11 These catalysts require heat or photochemical activation for catalytic conversion. Other metal precursors divert the products to the more common ester reductive cleavage 12 or partial reduction to aldehydes. 13 Titanium complexes also catalyze hydrosilylations to give ester cleavage or partial reduction of lactones to lactols, depending on catalytic conditions and silane reductant. 14 Alternatively, gallium bromide 15 and indium bromide 16 Lewis acid catalysts employ tertiary silanes or disiloxanes for conversions of esters to ethers, whereas B(C 6 F 5 ) 3 catalyzes hydrosilylation to give silyl acetals.
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Catalytic intermediates in the above transition-metal systems are ambiguous, whereas the Lewis acid-based silane activations have been established by kinetics and isolation of models of proposed intermediates. catalytic hydrosilylation activity in the presence of ethyl acetate and phenylsilane. Therefore, we attempted to enhance the reactivity of 1 by reaction with B(C 6 F 5 ) 3 to form a cationic complex. The resulting isolated oxazoline-coordinated rhodium silylene catalyzes the deoxygenation of esters to ethers, amides to amines, and ketones to alkanes in the presence of primary organosilanes as the reducing agent and oxygen-acceptors. These catalytic dexoygenations contrast the expected addition chemistry of silanes and carbonyls typically observed with rhodium complexes. 31 Herein we describe the characterization of the internal base-stabilized silylene catalyst and its reactivity in carbonyl deoxygenation.
Results and discussion
The reaction of {PhB(Ox Me2 ) 2 Im Mes }RhH(SiH 2 Ph)CO (1) and B(C 6 F 5 ) 3 in benzene at room temperature produces a dark oily precipitate 2 (eqn 1), and this material is purified to a black solid by washing with benzene and pentane. Si cross-polarization under magic angle spinning (CPMAS), which similarly featured a single resonance centered at 6 ppm (see Figure S6 in the ESI). The MAS 1 H NMR spectrum also contained an upfield signal at ~ -13 ppm assigned to the RhH. The fifth group bonded to rhodium is an oxazoline. Correlations between 15 Tables S1 and S2 370 ppm as expected for a coordinatively unsaturated silicon center, and this is 364 ppm downfield from the experimental value for 2 and 280 ppm shift downfield from 2-A. Thus, the terminal silylene structure is unambiguously ruled out by experimental and computed 29 Si NMR chemical shift values.
The optimized structure of 2-A is 17 kcal/mol lower in energy than the silylene isomer B, suggesting that the terminal unsaturated silylene isomer is unlikely to be accessed. In line with this, compound 2 is also formed from reactions of 1 and B(C 6 F 5 ) 3 in THF as a competitive donor rather than the THFstabilized silylene. In addition, identical chemical shifts for 2 were observed upon treatment with carbonyl compounds such as acetophenone and ethyl acetate. That is, there is no apparent substitution of the oxazoline for other 2-electron donor groups. In addition, there is no detectable interaction between 2 and an added equivalent of B(C 6 F 5 ) 3 . Despite the lack of observable interaction between 2 and carbonyls, complex 2 is a catalyst for the selective partial reduction of esters to ethers (see Table 1 ), silyl-protected acetals, or silyl-protected alcohols. Notably, the pathway for conversion of the ester to ether or to hydrosilylation products depends on the silane, with primary silanes giving selective deoxygenation and tertiary silanes giving 1,2-addition. In an initial set of experiments, phenylsilane, methylphenylsilane, and benzyldimethylsilane were tested as representative primary, secondary, and tertiary silanes in the partial reduction of ethyl acetate. The primary silane PhSiH 3 gives diethyl ether as the partial deoxygenation product. Compound 2 is highly reactive and selective for this transformation, giving full conversion and similar yields with 0.1 -1 mol% catalyst in 30 min.
In contrast, the tertiary silane BnMe 2 SiH gives the hydrosilylation product and a small amount of ester cleavage product benzyl(ethoxy)dimethylsilane. The yield of ester cleavage increases with 8 equiv. of BnMe 2 SiH. Interestingly, the secondary silane reagent PhMeSiH 2 gives a mixture of both products (eqn 2). In this case, the ester cleavage product is not formed, as determined by comparison of the 1 H NMR spectrum of the reaction to an authentic sample prepared by zinc-catalyzed dehydrocoupling of PhMeSiH 2 and EtOH. 34 The relative amounts of diethyl ether and disiloxane byproduct from PhMeSiH 2 reduction are ~1:1 as expected by stoichiometry, while PhSiH 3 gives unquantified, presumably oligomeric, siloxanes as byproducts.
Although the deoxygenation reaction occurs both in bromobenzene-d 5 and chloroform-d 1 , the reaction is significantly faster in chloroform. However, all scaled-up reactions were performed in methylene chloride and equivalent yields are obtained in the two chlorinated solvents. There is no evidence that 2 and methylene chloride react, and chloroform and methylene chloride may provide identical active catalytic sites. However, we cannot rule out the possible involvement of solvent, especially one as reactive as chloroform, in the catalytic cycle. Indeed, solvent effects on catalysis are observed. For example, bromobenzene is a superior solvent to chloroform for hydrosilylation using the tertiary silane BnMe 2 SiH, as the latter solvent gives no detectable conversion. Interestingly both chloroform-d 1 and bromobenzene-d 5 are equally effective solvents for conversions involving the secondary silane PhMeSiH 2 , which gives a mixture of both hydrosilylation and deoxygenation products as noted above.
These optimized conditions for diethyl ether synthesis were applied to the deoxygenation of a variety of ester substrates in the presence of 2.0 equiv. of PhSiH 3 in chloroform or methylene chloride, and the results are summarized in Table 2 . Typically, 1 mol % catalyst is required for conversion of most esters to ethers in and esters in the presence of catalytic B(C 6 F 5 ) 3 was tested as a possible background reaction, and the results are given in Table 2 for comparison to the catalytic action of 2. Interestingly, the combination of PhSiH 3 and B(C 6 F 5 ) 3 with esters provides hydrocarbons (complete deoxygenation) through C-O bond cleavage rather than the selective deoxygenation to ethers observed with 2. These experiments Table 2 . Reactions of esters and PhSiH3 catalyzed by 2 or B(C6F5)3. Please do not adjust margins
Please do not adjust margins indicate that trace B(C 6 F 5 ) 3 , as a unilateral catalytic actor, is not responsible for selective conversion of esters to ethers. As noted above, the common pathway for reactions of esters and hydridic reagents involves reductive cleavage of the C-O linkage. In contrast, deoxygenation of amides to amines is the typical pathway, observed with metal hydride reagents. 36 Catalytic hydrosilylation reactions of esters and amides also tend to follow the pathways established for metal hydrides, with ester hydrosilylation giving reductive cleavage and amide hydrosilylation providing amines. Thus, catalytic reactions of phenylsilane with amides, employing 2 or B(C 6 F 5 ) 3 as catalysts, provide further insight into the pathway for ester deoxygenation.
Interestingly, both catalysts mediate amide deoxygenation to tertiary amines (Table 3) . These experiments were then extended to ketones and aldehydes, which generally give complete deoxygenation to alkanes. Both 2 and B(C 6 F 5 ) 3 catalyze the conversion of acetophenone to ethylbenzene, with the B(C 6 F 5 ) 3 -catalyzed reaction occurring in a shorter time. However, the dimethoxy-substituted electron-rich ketone is deoxygenated with similar reaction times with 2 or B(C 6 F 5 ) 3 , while the 2,4,6-trimethoxybenzaldehyde is selectively deoxygenated by 2 but is unreactive under B(C 6 F 5 ) 3 -catalyzed conditions at room temperature. Furthermore, the dimethoxysubstituted aldehyde decomposes under the B(C 6 F 5 ) 3 -catalyzed conditions, but is selectively deoxygenated in the presence of 2. The neutral hydrosilyl hydridorhodium compound, which might be envisioned to catalyze ketone hydrosilylation via an oxidative addition and insertion pathway, 31 is not reactive under the tested catalytic conditions.
The combined results from the catalytic reactions using B(C 6 F 5 ) 3 or 2 as catalysts (Tables 2 and 3) shed some light on the pathways and active species involved in the transformations. First, B(C 6 F 5 ) 3 catalyzes the C-O bond cleavage reactions of ketones and amides in the presence of phenylsilane to give the same products that are observed with 2. However, the relative rates observed from the two catalysts vary significantly with the substrates, indicating that the reactive species in the two systems are not equivalent. That is, compound 2 is not providing free B(C 6 F 5 ) 3 as the catalyst, nor is the reaction of PhSiH 3 with B(C 6 F 5 ) 3 or 2 affording an equivalent activated organosilane species that interacts with the carbonyl substrate. This point is further emphasized by the distinct products observed from reaction of PhSiH 3 and esters or aldehydes, as catalyzed by 2 or B(C 6 F 5 ) 3 .
A possible pathway for the catalytic processes involves stepwise carbonyl hydrosilylation to give a silyl-protected acetal followed by C-O bond cleavage to provide either two silyl ethers or the ether/disiloxane products (Scheme 1). Scheme 1. Two C-O bond cleavage pathways for the carbonyl hydrosilylation product.
A few points emerge from the effect of the silane the product selectivity. First, the addition of PhSiH 3 to a mixture of the silylprotected acetal BnMe 2 SiOCHMeOEt and BnMe 2 SiH increases the yield of the ester cleavage product BnMe 2 SiOEt. is not observed. The isomer resulting from silylene insertion into the Rh-C of the more nucleophilic N-heterocyclic carbene is also not observed. NHC-coordination to an unsaturated silicon center might also be expected based on the stabilization of silanone derivatives and zero-valent silicon centers with NHCs. 29, 38 In addition, a series of dichlorosilylene compounds coordinated by metal centers (V, Fe, Co, Ni, Rh) and N-heterocyclic carbenes have related connectivity ([M]-SiX 2 -NHC) to the unobserved isomer of 2. 39 Despite this precedent, compound 2 apparently does not isomerize to the carbene-coordinated rhodium silylene, likely as a result of the inert rhodium-carbene interaction.
Compound 2 is an excellent catalyst for the deoxygenation of carbonyl-containing compounds with organosilanes. The deoxygenation pathway is unusual for esters, which are more commonly cleaved under reductive conditions. For most substrates, less than 1 mol % catalyst is needed, many conversions occur at room temperature, acyclic esters are deoxygenated, and the chemistry may be tuned for hydrosilylation vs. deoxygenation by the organosilane. Moreover, partial deoxygenation of fatty esters is readily accomplished with this catalyst. Unlike many coordinatively unsaturated late-metal catalysts for hydrosilylation, redistribution of organosilanes is not observed with 2. We note, however, that an iridium catalyst for amide deoxygenation includes a silylene bridging between two iridium centers, 23 while a related catalytic system mediates the partial reduction of esters to aldehydes. 40 The selective conversion of substrates through hydrosilylation or deoxygenation is systematically affected by the degree of substitution of the silane. Primary silanes give deoxygenation and tertiary silanes give hydrosilylation products, while secondary silanes give mixtures of both processes. This reactivity pattern is also followed with B(C 6 F 5 ) 3 -catalyzed reactions of silanes and carbonyls, with primary silanes giving complete deoxygenation and tertiary silanes giving addition chemistry. 17 However, the selectivity, rates, and in many cases, products of 2-catalyzed conversions are inequivalent from those of B(C 6 F 5 ) 3 , suggesting that the unsaturated rhodium-silyl moiety is central to the conversions observed here. Catalytic hydrosilylation chemistry involving tertiary silanes does not apparently involve Si-C bond cleavage because the tertiary silane is incorporated into the product. This observation rules out silylene transfer as the mode of action for the hydrosilylation of esters and other carbonyls by tertiary silanes. Currently, we are studying related systems with kinetic and isotopic experiments to understand the effects of silane and catalyst on selective partial deoxygenation pathways. The tunability of the latter, through systematic ligand variation, will be key to controlling selectivity in both activation reactions involving metal-silicon and metalhydrogen bonds or Lewis acid sites. 
